PCT/NL99/00558 


PA" ~NT COOPERATION TREAT 

From the INTERNATIONAL BUREAU 


PCT 

NOTIFICATION OF ELECTION 

(PCT Rule 61.2) 

To: 

Commissioner 

US Department of Commerce 
United States Patent and Trademark 
Office, PCT 

2011 South Clark Place Room 

Arlington, VA 22202 
ETATS-UNIS D'AMERIQUE 

in its capacity as elected Office 

Date of mailing (day/month/year) 
07 June 2001 (07.06.01) 


International application No. 
PCT/NL99/00558 

Applicant's or agent's file reference 
BO 4281 7 YK 

International filing date (day/month/year) 

Priority date (day/month/year) 

Applicant 

BRAAT, Josephus, Johannes, Maria et al 


1. The designated Office is hereby notified of its election made: 

")<] in the demand filed with the International Preliminary Examining Authority on: 

05 April 2001 (05.04.01) 


P^j in a notice effecting later election filed with the International Bureau on: 


2. The election 


□ 


was not 


made before the expiration of 1 9 months from the priority date or, where Rule 32 applies, within the time limit under 
Rule 32.2(b). 


The International Bureau of WIPO 

Authorized officer 




34, chemin des Colombettes 

Olivia TEFY 


1211 Geneva 20, Switzerland 



Facsimile No.: (41-22) 740.14.35 

Telephone No.: (41-22) 338.83.38 


Form PCT/IB/331 (July 1992) 


NL9900558 


(12) INTERNATIONAL APPORTION PUBLISHED UNDER THE PATENT CPOPERATION TREATY (PCT) 


(19) World Intellectual Property Organization 
International Bureau 



I Kill IIHIIII II ILI111 lllli ETII 1 If !» Hill f IID IQD 1UEI llll llllfll BR Oil III 


(43) International Publication Date (10) International Publication Number 

15 March 2001 (15.03.2001) PC T WO 01/18586 Al 


(51) International Patent Classification 7 : G02B 26/06 

(21) International Application Number: PCT/NL99/00558 

(22) International Filing Date: 

8 September 1999 (08.09. 1999) 


(81) Designated States (national): AE, AL, AM, AT, AU, AZ, 
BA, BB, BG, BR, BY, CA, CH, CN, CR, CU, CZ, DE, DK, 
DM, EE, ES, FI, GB, GD, GE, GH, GM, HR, HU, ID, IL, 
IN, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, 
LV, MD, MG, MK, MN, MW, MX, NO, NZ, PL, PT, RO, 
RU, SD, SE, SG, SI, SK, SL, TJ, TM, TR, TT, UA, UG, 
US, UZ, VN, YU, ZA, ZW. 


(25) Filing Language: English 

(26) Publication Language: English 

(71) Applicant (for all designated States except US): NED- 
ERLANDSE ORGANISATIE VOOR TOEGEPAST- 
NATUURWETENSCHAPPELIJK ONDERZOEK 
TNO [NL/NL]; Schoemakerstraat 97, NL-2628 VK Delft 
(NL). 


(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, SD, SL, SZ, UG, ZW), Eurasian patent (AM, 
AZ, BY, KG, KZ, MD, RU, TJ, TM), European patent (AT, 
BE, CK, CY, BE, DK, ES, FI, FR, GB, GR, IE, IT, LU, MC, 
NL, PT, SE), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, 
GN, GW, ML, MR, NE, SN, TD, TG). 

Published: 

— With international search report 


(72) Inventors; and 

(75) Inventors/Applicants (for US only): BRAAT, Josephus, 
Johannes, Maria [NL/NL]; Plein Delftzicht 18, NL-2627 
CA Delft (NL). BOKHOVE, Henrik [NL/NL]; Wijnruit- 
gaarde 13, NL-2503 TG Gouda (NL). 


For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations " appearing at the begin- 
ning of each regular issue of the PCT Gazette. 


(74) Agent: DE BRUIJN, Leendert, C; Nederlandsch 
Octrooibureau, Scheveningseweg 82, P.O. Box 29720, 
NL-2502 LS The Hague (NL). 


= (54) Title: ACHROMATIC PHASE SHIFT DEVICE AND INTERFEROMETER USING ACHROMATIC PHASE SHIFT DE- 
^= VICE 



00 

^ (57) Abstract: The present invention relates to an achromatic phase shift device (1) for introducing a wavelength independent optical 
P 03 ^ shift m a first optical beam (40) during operation, comprising at least one dispersive element (55k) formed by first refractive 
means (2k) and second refractive means (4k), the first refractive means (2k) having a first refractive means input plane (6) for re- 

^ ceiving the first optical beam (40) and a first refractive means output plane (8) being at a predetermined angle (p) to each other, the 
second refractive means (4k) having a second refractive means input plane (10) and a second refractive means output plane (12) being 

O positioned parallel to the first refractive means input plane (6). The device may comprise further pairs (55k) of respective first and 
second refractive means (2k, 4k). The present invention also relates to an interferometer comprising at least one achromatic phase 

^ shift device. 
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Achromatic phase shift device and interferometer using achromatic phase shift device 

The present invention relates to an achromatic phase shift device for introducing 
a wavelength independent optical phase shift in a first optical beam during operation, 
comprising at least one dispersive element. A second aspect of the present invention 
relates to an interferometer using such an achromatic phase shift device. 

The most common means for obtaining a phase shift in an optical beam are phase 
shift devices using optical path delay means to influence the optical path of the beam 
and, thus, the phase of the optical beam. A disadvantage of such a known phase shift 
device is that the phase shift obtained is dependent on the wavelength. For applications 
in which the bandwidth of the light beam used is very small, this is not necessarily a 
problem. However, when a phase shift is needed in an optical beam with a broader 
bandwidth, the known device does not suffice. 

This may for instance be the case for the application of an achromatic phase shift 
device in an interferometer, used in observation of planets near stars. These 
interferometers are for instance used in optical synthetic aperture systems, using 
multiple optical beams from different telescopes separated by a certain baseline. The 
optical beams from the telescopes usually have a broad wavelength. To be able to 
detect planets near stars, the light of the star is nulled in the interferometer by 
introducing a phase difference of n radians between the interfering beams. Using 
known phase shift devices, a suppression factor of 100 may be obtained, while for 
certain detections a suppression factor of 10 6 is necessary. 

In the prior art, achromatic phase shift in an optical beam is accomplished using 
an achromatic phase shift device, which comprises dispersive elements being formed 
by at least two plan parallel plates with a different refractive index. The dispersive 
elements effectuate a wavelength dependent optical path difference, and with the right 
combination of materials (refractive index) and dimensions of the plates, an achromatic 
phase shift can be accomplished over a certain wavelength range. However, the 
dimensions of the plates are fixed and, therefore, the phase shift accomplished is fixed. 
Also, at least two materials are needed with a different refractive index, which may be 
disadvantageous in numerous applications. 

It is an object of the present invention to provide a phase shift device for 
producing a phase shift over a wide frequency range, i.e. an achromatic phase shift 
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device. It is a secondary object of the present invention to provide an interferometer, 
which is particularly suited for planet detection near distant stars, by nulling the light 
from the associated star* 

The first object is achieved by a phase shift device according to the preamble of 
5 claim 1, characterised in that the at least one dispersive element comprises a first pair 
formed by first refractive means and second refractive means, the first refractive means 
having a first refractive means input plane for receiving the first optical beam and a 
first refractive means output plane, the first refractive means input plane and the first 
refractive means output plane being at a predetermined angle (3 to each other, 
10 0 < p < n/2, the second refractive means having a second refractive means input plane 
and a second refractive means output plane, said second refractive means input plane 
being positioned equidistant to the first refractive means output plane and the second 
refractive means output plane being positioned parallel to the first refractive means 
input plane. 

15 The arrangement of the device allows introducing a phase shift in an optical beam 

travelling through the device, by varying the position of the first refractive means 
relative to the second refractive means. The first and second refractive means may be 
placed at a certain distance to one another and have small dimensions, which are 
sufficient for refracting the optical beam in the device as desired. 

20 In a further embodiment of the present invention, the device further comprises a 

plurality of k further pairs, k being an integer between 1 and M, each further pair 
comprising respective first refractive means and respective second refractive means, the 
respective first refractive means of each of the plurality of further pairs having a first 
refractive means input plane for receiving the first optical beam and a first refractive 

25 means output plane, the first refractive means input plane and the first refractive means 
output plane being at a predetermined angle p k to each other, 0 < pk < rc/2, the 
respective second refractive means of each of the plurality of further pairs having a 
second refractive means input plane and a second refractive means output plane, said 
second refractive means input plane being positioned equidistant to the first refractive 

30 means output plane and the second refractive means output plane being positioned 
parallel to the first refractive means input plane. 
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Using the further pairs of respective first and second refractive means, it becomes 
possible to obtain a phase shift of an optical beam through the achromatic phase shift 
device, which is wavelength independent over a broad wavelength region. 

In an embodiment of the achromatic phase shift device according to the present 
5 invention, the respective first refractive means of the plurality of further pairs re 
positioned adjacent to each other, forming a first group, the respective first refractive 
means in the first group being in physical contact. Preferably, also the respective 
second refractive means of the plurality of further pairs are positioned adjacent to each 
other, forming a second group, the respective second refractive means in the second 
10 group being in physical contact. By positioning the respective first and second 
refractive means such that they are in physical contact, interfaces occur between 
materials of different refractive index. The feature that the elements are in physical 
contact enables producing achromatic phase shift devices in a reliable and robust 
manner. 

15 In a preferred embodiment of the achromatic phase shift device according to the 

present invention, the respective first and second refractive means of the plurality of 
further pairs are positioned symmetrically on respective sides of the first pair. This 
allows a very compact arrangement of the device according to the present invention. 

In a further embodiment, all of the first refractive means and the second refractive 
20 means of all of first pair and the plurality of further pairs have a substantially equal 
refractive index. This has advantages with respect to production of the device (only one 
dispersive material is needed), but also during operation, as environmental conditions 
will have less impact when all refractive means are made of the same material. 

In certain arrangements of the first and second refractive means of the phase shift 
25 device, spaces may exist between the first refractive means and the second refractive 
means of each of the first pair and the plurality of further pairs. Preferably, these spaces 
are filled with a predetermined medium having a predetermined refractive index. The 
medium can be air, a liquid or vacuum. For further calculating purposes, these spaces 
can also be regarded as forming first and second refractive means. 
30 To be able to use the device as a phase modulator, the device further comprises 

first control means for moving the first refractive means and the second refractive 
means of each of the first pair and the plurality of further pairs with respect to each 
other. Preferably, the direction of movement is perpendicular to a line of intersection of 
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the input surface and output surface of the first refractive means. This allows variation 
of the distance travelled by the optical beam through the first and second refractive 
means and between the first and second refractive means of one or more of the first pair 
and the plurality of further pairs. This may be achieved very accurately by various 
control means known to the person skilled in the art. 

It will be clear to the person skilled in the art that the change in position of the 
first refractive means relative to the second refractive means may be obtained by 
moving the first refractive means, the second refractive means, or both. 

In an embodiment, the first and second refractive means are preferably formed by 
a first and a second prism, respectively. Such prisms with the required dimensions can 
be readily obtained or are easy to manufacture. 

In a further embodiment, the device further comprises additional means of a 
dispersive material for applying a further chromatic correction to the optical beam, in 
which the dispersive material has a refractive index, which is different from the 
refractive index of the first and second refractive means. This embodiment enables a 
further achromatic correction, diminishing the higher order wavelength dependent 
errors in the chromatic correction. 

In a preferred embodiment, the device introduces a predetermined phase shift vyo 
between the first optical beam and a second optical beam, the second optical beam 
running substantially parallel to the first optical beam over an optical path length wo, a 
first optical axis being defined from a device input surface to a device output surface, 
the first refractive means having a first distance dk along the first optical axis and the 
second refractive means having a second distance dk" along the first optical axis, the 
first optical beam being at an angle 9k with the first optical axis and a modified 
refractive index being defined as ak = nk cos 9k, in which the sum dk of the first and 
second distance of the first and second refractive means and the required optical path 
wo are determined by solving the following equations for the wavelengths at which the 
predetermined phase shift should be obtained exactly: 


-w 0 +a 0 (X 0 )d 0 + 


+ a M . 1 (X 0 )d 



-w 0 +a 0 (X M )d 0 + 


M-1 



M 
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In this embodiment, a perfect match of the predetermined phase shift is obtained 
for M+l wavelengths. 

In an alternative embodiment the sum of the first and second distance of the first 
and second refractive means and the required optical path are determined by requiring 
5 constant terms and terms with A, 2 , X 3 ... X M to become zero and the term with X to 
become equal to v|/o/2tc in the equation for the introduced optical path length difference 
Wd(A.) according to 

M-1 

w d (X) = -w 0 +2>ko +a k1 (X-X 0 ) + a k2 (X-X 0 ) 2 }d k 

k=0 

in which ako, = series expansion coefficients of the modified refractive index a^, 

10 according to a k = a k0 +a k1 (X-X 0 ) + a k2 (X-X 0 ) 2 , and 

in which X is a wavelength of the optical beam and X 0 is a central wavelength of a 
predetermined spectral band. 

In this alternative embodiment, an M-th order fit is obtained for the wavelength 
dependent phase shift around the central wavelength Xo* 
15 By changing the design parameters of the first and second refractive means, the 

phase shift obtained is independent of the wavelength of the optical beam. This allows 
introducing a constant, wavelength independent phase shift in optical beams having a 
relatively broad bandwidth. 

With the achromatic phase shift device according to the present invention, 
20 applications can be made for adjustment, modulation and/or closed loop control of the 
phase difference of broad band, interfering optical beams. 

A second aspect of the present invention relates to an interferometer having a first 
input plane and a second input plane for receiving at least a first and a second optical 
beam and an interference plane for letting the at least first and second optical beam 
25 interfere, a first optical path being formed from the first input plane to the interference 
plane and a second optical path being formed from the second input plane to the 
interference plane, comprising optical path delay means for introducing an optical path 
difference between the first optical path and the second optical path, characterised in 
that the interferometer further comprises at least one achromatic phase shift device 
30 according to the invention, positioned in at least one of the first optical path and the 
second optical path. 
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The interferometer according to the present invention allows introducing a phase 
shift between optical beams with a broad wavelength range. 

Preferably, an achromatic phase shift device is positioned in each optical path. By 
using an achromatic phase shift device in each optical path, symmetry in the two 
5 optical paths is maintained as much as possible, which has particular advantages with 
respect to maintaining the polarisation state of the optical beams. 

For use in planet observations, the interferometer preferably comprises main 
control means for maintaining the phase shift between the at least first and second 
beam at a predetermined value, preferably n radians, the main control means being 
10 connected to the optical path delay means and the first control means. With such an 
interferometer, it is theoretically possible to obtain a suppression factor of 1 0 9 . — 

The present invention will be described in detail by means of a number of 
preferred embodiments, with reference to the accompanying drawings, in which: 

Fig. 1 shows a diagrammatic view of an achromatic phase shift device according 
15 to an embodiment of the present invention, 

Fig. 2 shows two achromatic shift devices according to a further embodiment of 
the present invention, 

Fig. 3 shows an embodiment of the achromatic phase modulator according to the 
present invention, 

20 Fig. 4 shows a general lay-out of an achromatic phase shift device according to 

the present invention, 

Fig. 5 shows a simplified representation of a two beam system with an 
achromatic phase shift device as shown in Fig. 4, and 

Fig. 6 shows a diagrammatic view of a two beam interferometer, in which pupil 
25 plane interference is applied. 

Phase shifting in optical beams with a very small bandwidth (semi- 
monochromatic light) is equivalent to optical path length variation, easily achievable by 
delay line type devices. Using these known delay line type devices for optical beams 
with an extended wavelength interval will lead to different phase shifts at different 
30 wavelengths. Hence, a requirement exists for achromatic phase shifting, or wavelength 
dependent optical path differences. 

Fig. 1 shows a diagrammatic view of an achromatic phase shift device 1 
according to the present invention, comprising a first prism 2 and a second prism 4 
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made from a material with a predetermined refractive index n. In operation, an optical 
beam 40 may be received by a first prism input plane 6. A first prism output plane 8 
forms an angle P with the first prism input plane 6. At the first prism output plane 8, the 
optical beam 40 will be refracted from an optical axis 50, indicated as dotted line in 
5 Fig. 1 and partly coinciding with the optical beam 40, as will be clear to the person 
skilled in the art, in which the refraction angle is dependent of the wavelength of the 
optical beam. The optical beam 40 will then impinge on a second prism input plane 10, 
where it will be refracted again. If the refractive index n of the first prism 2 is equal to 
the refractive index of the second prism 4, the refraction angle at the second prism 
1 0 input plane 1 0 will be equal but of opposite sign to the refraction angle at the first prism 
output plane 8. In that case, the optical beam 40 will exit the second prism 4 at a second 
prism output plane 12 in a direction substantially parallel to the direction of the optical 
beam 40 impinging on the first prism input plane 6. 

As shown in Fig. 1, the second prism input plane 10 is positioned equidistant to 
15 the first prism output plane 8, and the second prism output plane 12 is positioned 
parallel to the first prism input plane 6. Because of the wavelength dependent 
refraction, the optical distance travelled from the first prism input plane 6 to the second 
prism output plane 12 will therefore be dependent on the wavelength. 

The optical path w p as travelled by the optical beam from the first prism input 
20 plane 6 to the second prism output plane 12, is given by 

w p =n,(x n + x I2 )+ (cosp^l - n 2 sin 2 P + n, sin 2 p)x 2 (1) 
in which m is the refractive index of the first and second prism 2, 4, p equals the angle 
enclosed by the first prism input plane 6 and first prism output plane 8, xn equals the 
distance between the first prism input plane 6 and the first prism output plane 8 along 
25 the optical axis 42, x !2 equals the distance between the second prism input plane 10 to 
the second prism output plane 12 along the optical axis 42, and x 2 equals the distance 
between the first prism output plane 8 and the second prism input plane 10 along the 
optical axis 50. 
Defining 

30 x, = x n +x 12 (2) 
and 


n 2 =cosp^/l-n 2 sin 2 p + n, sin 2 p (3) 
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being a virtual refractive index n2, the optical path w p length can be written as 
w p =n,x t +n 2 x 2 (4) 

This is equivalent to an arrangement with two plan parallel plates with different 
refractive indices positioned in series, and allows introducing a phase shift \\f p in an 
5 optical beam with an optical wavelength X by altering the optical path length w p 
according to the equation 

\j/ p = 2n WpM, (5) 
However, for a given arrangement of plan parallel plates with fixed dimensions and 
fixed refractive index, the phase shift vj/ p is also fixed. For achieving a certain phase 
10 shift in an optical beam, it would be necessary to be able to vary the distances travelled 
by the optical beam in the plan parallel plates. However, for practical applications this 
is not feasible. Also, the requirement for materials with a different refractive index is a 
disadvantage. 

The arrangement shown in Fig. 1 has the advantage that the optical path length 

15 w p can easily be changed by moving the first prism 2 with respect to the second prism 
4. Moving the first prism 2 in a direction perpendicular to an intersecting line of the 
first prism input plane 6 and first prism output plane 8 changes one of the distances xj i, 
X12 or X2 in equation (4). E.g., a movement of the first and second prism 2, 4 towards 
each other or away from each other in the direction along the optical axis 42 changes 

20 the distance X2 between the first prim output plane 8 and second prism input plane 10. 
Also, the distance xn or X12 can be changed by e.g. moving the first or second prism 2, 
4 along the their respective input planes 6, 10 or output planes 8, 12. 

By providing control means (not shown) for the movement of the first and second 
prism 2, 4 with respect to each other, a phase modulator is formed. 

25 Also, the material for the first and second prism 2, 4 can have the same refractive 

index ni, the virtual refractive index n2 being determined by equation (3). The virtual 
refractive index n2 is dependent on the refractive index ni of the first and second prism 
2, 4 and on the angle p. 

By proper dimensioning of the achromatic phase shift device 1 and controlling of 

30 the movement of the first prism 2 with respect to the second prism 4, the optical path 
length variation w p (or phase shift i|/ p ) can be made largely independent of the 
wavelength X of the optical beam 40. 
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For a detailed explanation of the introduced phase shift vj/ p , reference is made to 
Fig. 2, showing a configuration in which in operation a phase shift i|/ p is introduced 
between a first optical beam 40 along a first optical axis 50 and a second optical beam 
41 along a second optical axis 53 . For sake of clarity, the optical beams 40 and 41 are 
5 shown in Fig. 2 as coinciding with the optical axes 50 and 53. However, from Fig. 1 it 
is clear that the optical beams 40 and 41 will experience a wavelength dependent shift. 
Both the first and second optical beams 40, 41 travel through a pair of prisms. A first 
pair comprises a first prism 2 and a second prism 4 and a second pair comprises a third 
prism 3 and a fourth prism 4. To introduce a phase shift between the two optical beams 

10 only one pair would be sufficient. However, in the configuration shown in Fig. 2, the 
symmetry between the path travelled by the first and second optical beams along 
optical axes 50 , 53 is maintained as far as possible, which is of particular importance 
from, e.g. the polarisation point of view. 

In Fig. 2, the relevant dimensions of each prism pair are designated as follows: 

15 dij equals the distance between the first prism input plane 6 and the first prism output 
plane 8 along the first optical axis 50, d\j equals the distance between the second 
prism input plane 10 to the second prism output plane 12 along the first optical axis 50, 
and di,2 equals the distance between the first prism output plane 8 and the second prism 
input plane 10 along the first optical axis 50. Likewise, d 2 ,/ equals the distance between 

20 the third prism input plane 7 and the third prism output plane 9 along the second optical 
axis 53, d 2 ,i" equals the distance between the fourth prism input plane 1 1 to the fourth 
prism output plane 13 along the second optical axis 53, and d 2>2 equals the distance 
between the third prism output plane 9 and the fourth prism input plane 1 1 along the 
second optical axis 53. All prisms 2, 3, 4, 5 have the same refractive index nj and the 

25 same angle P between their respective input and output planes. Accordingly, the virtual 
refractive index n 2 , as defined above in equation (3) is equal for both the first prism pair 
and the second prism pair. 

The total optical path difference w d between identical wave fronts 20, 21 of the 
first and second optical beams 40, 41 after the phase shift device can be calculated from 

30 equation (4). Defining d|=d 2 j-dij and d 2 =d 2>2 -di, 2 , in which d u = di,i + d u " and 
d 2 ,i=d 2 j + d 2 j , the optical path difference w d amounts to: 
w d =w 0 +(n, -1)1, +(n 2 -l)d 2 (6) 
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in which wo equals the optical path difference between identical wave fronts 18, 19 of 
the first and second optical beam 40, 41 in front of the first and third prisms 2, 3. 
The corresponding phase difference \y d amounts to: 

¥d=27i^- (7) 

5 X being the wavelength of the first and second optical beams. 

The refractive indices m, n 2 can be represented as second order expansions as 
function of the wavelength X of the form: 

=n 0i +a i (A.-X 0 )+b i (X-* 0 ) 2 +R i (X-X 0 ), (8) 

in which Xo is the central wavelength of the spectral band considered, noi is a 
10 wavelength independent term, aj the first order term coefficient, bj the second order 
term coefficient and Rj the residual order term coefficient. The expression for v|/<j thus 
becomes: 

1 X — X 

Vd /27i = {w o +d,(n 0I -l)+d 2 (n 02 -l)}_+(d iai + d 2 a 2 )— — £- + 

(9) 

+ (d,b, 4-d 2 b 2 ) (X ~^ o)2 +{d,R,fr-X 0 )+d 2 R 2 (X-X 0 )}i 

The wavelength dependent terms with 1/A, and (A-A 0 ) 2 IX are eliminated by 
15 requiring: 

+ <*i(«oi -0+^2 ("02 +d 2 a 2 )A 0 =0 (10) 

and: 

d x b x + d 2 b 2 =0 (11) 

The phase difference that now results (wavelength independent up to second 
20 order) is given by: 

M>d =M>o + A M> (12) 
with: 

M / 0 /27c = d 1 a 1 +d 2 a 2 (13) 
and: 

25 A\\f/2n= 1 1V SJ. L_£I °Z (14) 

From (1 1) and (13) di and 62 are found: 
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d,= 


1 


a 2 b, — a,b 2 2k 


} 


(15) 


d 2 =- 


¥o b i 


a 2 b, — a,b 2 2k 
The final expression for wo follows from (10) and (15): 


w 


(16) 


a 2 b,-a,b 2 J 

It still remains to be investigated how the wavelength dependent residual 
error A \y, for possible materials and different spectral bandwidths, compares with the 
requirement. However, the described approach can be readiiy extended to correction of 
third or even higher order terms. This improved correction requires an additional plate 
of a different material for each following order to be compensated. 

For the virtual refractive index n2, as defined in equation (3) above, the 
coefficients a2 and b 2 can be written according to 


a 2 = 


and 


b 2 = 


dn 2 


) - 


sin 2 pi- n °' C ° SP 


(17) 


dX. 2 


= -l/2a 


2 sin 2 pcosp b, 


x=x 0 


(l-nj, sin 2 P )% 


a, 


a, 


7x = 


-6, 


Introducing the parameters yi and 72, according to: 


equation (15) can be reformulated as 

1 " 271 


2 12 2% 


a 2 b x -a x b 2 


(18) 


(19) 


Yi = 


a 2 b x -a y b 2 


(20) 


This implies that by simultaneous adaptation of d\ and 62, such that di/yi=d2/y2> 
the phase shift ij/o can be adjusted while maintaining the chromatic correction. Such an 
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adaptation can easily be achieved with the prism pair arrangement of Fig. 2 by a linear 
displacement of one of the prisms 2, 3, 4, 5 in the appropriate direction. 

With the prism pair arrangement of Fig. 2, it is therefore possible to obtain a 
wavelength independent phase shift \j/o between the first and second optical beams, by 
5 shifting the first and second prism 2, 4 with respect to each other* It will be apparent 
that the phase shift can also be obtained by shifting the third and fourth prism 3, 5 with 
respect to each other. 

The wavelength independent phase shift can be obtained by using the same 
optical material for all prisms 2, 3, 4, 5 in the arrangement according to Fig. 2, which is 
10 advantageous in view of producing the achromatic phase shift device 1, but also in 
operation, as environmental influences (e.g. temperature) will have the same influence 
on all prisms 2, 3, 4, 5. 

Fig. 3 shows an embodiment of the achromatic phase modulator. For this 
example, circular optical beams of 20 mm diameter, a central wavelength A* of 15 jam 
15 and potassium bromide (KBr) as prism material are assumed. The dimensions of the 
first through fourth prisms 2, 3, 4, 5 are identical, the first prism input planes 6, 7 and 
the second prism output planes 12, 13 having a dimension of 30 mm, the angle p 
between the respective input and output planes being 35°. The distance between the 
first prism output plane 8 and second prism input plane is 5 mm. The second prism 4 
20 can be moved with respect to the first prism 2 parallel to the second prism input plane 
10 and perpendicular to the second prism output plane 12. 

From the characteristics of potassium bromide and the formula (8) above, the 
following parameters are deduced: 

noi= 1.51276; ai = - 3.46 mm" 1 ; and bi = -134.4 mm" 2 . 
25 For the effective characteristics of the gap, the following parameters are found: 

n 02 =0.976 ; a 2 = 1.70 mm" 1 ; b 2 = 52.9 mm" 2 . 
The proportionality constants computed from equation (19) above then amount to 
Yi = 1.164 mm and y 2 = 2.958 mm. 

The excursion shown in Fig. 3 with a solid line complies with the values of yi and 
30 y 2 and corresponds to a phase shift of -n < i|/ 0 < 7t, obtained by simultaneously moving 
the second prism 4 in a plane perpendicular to the intersection line of the second prism 
input plane 10 and the second prism output plane 12. The required accompanying 
optical path length variation w 0 according to equation (16) amounts to ±0.15 mm. 
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As described above, correction of third or even higher order terms can be 
implemented using an additional plan parallel plate 35, 36 with a refractive index 
different from the first and second prisms 2, 3, 4, 5, for each following order to be 
compensated. The plan parallel plates 35, 36 are positioned in front of the first prism 2, 
5 3, but to the person skilled in the art, it will be clear that the plan parallel plates can also 
be positioned after the second prism 4, 5. Also, path length variation can be introduced 
by rotating the plan parallel plates 35, 36 such that the optical beams 40, 41 impinge on 
the plan parallel plates 35, 36 at a predetermined angle. 

The achromatic phase shift device 1 described above can be modelled in a more 
10 general manner. Fig. 4 shows a general lay-out of a phase shift device 1 for introducing 
a phase shift in an optical beam 40 travelling from an input surface 51 to an output^ 
surface 52 of the phase shift device 1 during operation. The phase shift device 1 
comprises a central element 2o with a refractive index no- In Fig. 3, an (arbitrarily 
chosen) optical axis of the phase shift device 1 is designated by reference numeral 50. 
15 The phase shift device 1 further comprises M pairs of refractive elements with a 
refractive index nk, each pair of refractive elements comprising a first element 2k and a 
second element 4k being positioned symmetrically on each side of the central element 
2o along the optical axis 50. All elements are provided with an input plane for receiving 
the optical beam 40 and an output plane from which the optical beam 40 exits. An 
20 output plane of one element is positioned flush with an input plane from an adjacent 
element, thus providing an interface from a material with refractive index nk to a 
material with refractive index nk+i. The input plane of the first element 2k and the 
output plane of the second element 4k of a pair are parallel to each other. Also, the 
output plane of the first element 2k and the input plane of the second element 4k of a 
25 pair are parallel to each other. This arrangement guarantees that the optical beam 40 
travelling through the phase shift device is at the same angle 0k with the optical axis 50 
in both the first element 2 k and the second element 4k of each pair. 

The pairs of elements 2k, 4k are characterised by their refractive index nk, the 
angle pk and the distance along the optical axis 50, denoted by dk for each first element 
30 2 k and dk" for each second element 4 k . Furthermore, p k denotes the angle between a 
surface perpendicular to the optical axis 50 and the input plane of the first element 2k 
(or, equivalently, the angle between a surface perpendicular to the optical axis 50 and 
the output plane of the second element 4k). 
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It is noted that the angle p, described above with respect to Fig. 2 would be equal 
to Pk-Pk-i as described here with respect to Fig. 3. 

It can be deduced from the refraction law of Snellius and trigonometry that the 
optical path length w p through the phase shift device 1 is given by 

M-l 

5 w p =J> k d k , (21) 

with d k = dk + d k being the distance along the optical axis 50 through elements 2 k and 
4 k and ak = n k cos 0 k being a modified refractive index dependent on the angle 9 k of the 
optical beam 40 in elements 2 k and 4k. 

In a practical embodiment of the phase shift device 1 according to Fig. 4, the 

10 central element 2n and the pairs of elements with an even index (2 2 * 42, 24, 44,...) have 
the same refractive index n, and may be formed by the environment of the phase shift 
device 1, e.g. vacuum, air or liquid. This allows an easier production of the phase shift 
device 1, and prevents problems concerning the joining of the output and input surfaces 
of adjacent elements 2 k , 2 k +i and 4 k , 4 k+J . 

15 In a further embodiment, the refractive indices n k of the first and second elements 

with an odd index (2i, 4 U 2 3 , 4 3 ,...) are chosen the same, i.e. only one material is used 
for producing all elements of the phase shift device. This has the advantage of lower 
cost of manufacture, as only one material is used for all elements 2 k , 4 k . Also, 
environmental conditions will be of less influence when all elements 2 k , 4 k are of the 

20 same material compared to elements 2 k , 4 k of various materials. 

Fig. 5 shows a simplified representation of a two beam system with an 
achromatic phase shift device 1 as described with reference to Fig. 4. The pairs of 
elements 2 k , 4 k are represented by element blocks 55 k for a first beam 40 and element 
blocks 56 k for a second beam 41. Each element block 55 k , 56 k is characterised by its 

25 modified refractive index a k and the distance dj, k along the optical axis 50 as defined 
above with reference to Fig. 4. In this embodiment, the refractive indices of 
corresponding elements in the phase shift device 1 in the path of the first optical beam 
40 and the phase shift device in the path of the second optical beam 41 are chosen 
equal. The optical path length difference w 0 between identical wave fronts 18, 19 (as 

30 indicated with reference to Fig. 2) is depicted in Fig. 5 as an optical path length w 0 in 
series with the phase shift device in the second optical beam 41 . 
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In a two beam system, one phase shift device 1 may be positioned in the path of 
one of the first and second beams 40, 41. In that case, an optical path length difference 
Wd is introduced which is equal to 

w d = -w 0 + £a k d k (22). 

k=0 

5 It is also possible to provide a phase shift device 1 in each of the optical paths of 

the first and second beams 40, 41 as indicated in Fig. 5. In this case, the optical path 
difference wa introduced between the first and second optical beams 40, 41 is equal to 

M-l 

w d =-w 0 +5>k (d 1k -d 2k ) (23). 

k=0 

In general terms, the essential property of the achromatic phase shifter according 
10 to the present invention can be summarised as the wavelength difference according to 

w d (X) = ^ X + Aw d (X) , (24) 

where ij/o is the desired achromatic phase shift and Awa is the wavelength dependent 
part. The term Awd(A.) should be minimised over the wavelength range of interest and 
ideally Awd(X) would be equal to zero. 
15 The dimensions of the refractive elements can be chosen in a number of manners. 

The first is to obtain a perfect match for M+l wavelengths Xo...A. M - This can be 
obtained by solving the following M+l equations for do~.dM-i and w 0 : 


-w 0 +a 0 (X 0 )d 0 + + a M . 1 (^ 0 )d M -i = 

In 


-w 0 + a 0 (X M )d 0 + + a M . 1 (X M )d IM =^-X M 

2n 


(25) 


Alternatively, it is an option to obtain an M-th order fit for the central wavelength 
20 Xq. This can be obtained by writing the wavelength difference Wd in a series expansion 
according to 

M-1 

w(A.) = -w 0 + £{a k0 + a k1 (X-X 0 ) + a^X-Xo) 2 }d k (26) 

k=0 

and requiring the constant term and terms with X 2 , A. 3 ,....X M to become zero and require 
the term with (X-Xq) to have the desired coefficient of \(/o/2n. This will result in a set of 
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M+l equations in the unknowns do.-.dM-i and w 0 . Solving the set of equations will 
provide the design parameters do. . .dM-i for the first and second elements 2k, 4k. 

Note that in the embodiment described above with reference to Fig. 2, a second 
order fit is determined around the central wavelength Xo. 


For interferometry as applied in optical synthetic aperture systems, phase shifting 
of the interfering beams is an essential feature. In the following, the situation will be 
described of interfering broadband optical beams coming from a single telescope pair. 

10 It will be apparent to the person skilled in the art, that the principles can also be applied 
to multiple beam interference systems with more than two beams. 

Fig. 6 shows a situation where pupil plane interference is applied in a two-beam 
interferometer. First and second optical beams 22, 23, being images from the same 
region of interest, are received from a first telescope and a second telescope (not 

15 shown), respectively on a first interferometer input plane 24 and a second 
interferometer input plane 25. The two beams eventually are combined in a combiner 
element 32 and interfere in an interference or focal plane 33. Using first and second 
optical delay lines 26, 27, the optical path lengths from interferometer input plane 24, 
25 to focal plane 33 are equalised for both arms. This will result in a flat, white light 

20 illumination of the focal plane 33 at maximum intensity. Phase modulation is applied to 
the first and second optical beam by first and second phase shift devices 28, 29, 
resulting in an intensity variation, the amplitude of which can be measured. The 
measured amplitude represents the magnitude of the component of the spatial Fourier 
spectrum that corresponds to the measurement baseline, i.e. the distance between the 

25 first and second telescope. When this phase modulation is performed in a conventional 
way, e.g. by path length variation, the measured amplitude decreases with increasing 
path length and spectral bandwidth, because wavelength dependent phase differences 
are introduced. Use of an achromatic phase shifter according to the present invention 
avoids this source of inaccuracy and loss of sensitivity. 

30 When using the interferometer for planet detection, a fixed phase shift of n 

radians is needed between the two beams to block light of the associated adjacent star 
(nulling) in order to permit observation of the much weaker planet signal. 


5 
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However, further embodiments of interferometers are being developed, in which 
multiple telescopes are used in a predetermined configuration of baselines, the 
telescopes being aimed at the same region of interest* Depending on the specific 
embodiment of the multiple beam interferometer, different predetermined phase shifts 
5 need to be introduced between the various beams to obtain nulling. The achromatic 
phase shift device 1 according to the invention is well suited for application in such 
interferometers. 

In the case of optical beams from a telescope, a wide spectral band is mandatory 
for reasons of signal-to-noise ratio, and for permitting spectral characterisation of the 
10 planet signal. Also, a high suppression factor of the star light of at least 10 6 is needed. 
This requirement is equivalent to a maximum residual phase shift of the first optical 
beam with respect to the second optical beam of ± 2 mrad over the wavelength band of 
interest. 

Theoretical evaluations of the interferometer according to the present invention 
1 5 have shown that a suppression factor of 1 0 9 may be obtainable. 

For the person skilled in the art, it will be clear that modifications and variations 
of the achromatic phase shift device and interferometer according to the present 
invention are perceivable. The particular embodiments described above with reference 
to the accompanying drawings are illustrative only and not meant to limit the scope of 
20 the invention, which is defined by the appended claims. 
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CLAIMS 

1. Achromatic phase shift device for introducing a wavelength independent 
optical phase shift in a first optical beam during operation, comprising at least one 

5 dispersive element, 
characterised in that 

the at least one dispersive element comprises a first pair (55o) formed by first refractive 
means (2) and second refractive means (4), 

the first refractive means (2) having a first refractive means input plane (6) for 
10 receiving the first optical beam (40) and a first refractive means output plane (8), the 
first refractive means input plane (6) and the first refractive means output plane (8) 
being at a predetermined angle p to each other, 0 < p < 7c/2, 

the second refractive means (4) having a second refractive means input plane (10) and a 
second refractive means output plane (12), said second refractive means input plane 
15 (10) being positioned equidistant to the first refractive means output plane (8) and the 
second refractive means output plane (12) being positioned parallel to the first 
refractive means input plane (6). 

2. Device according to claim 1, characterised in that the device further 
20 comprises a plurality of k further pairs (55 k ), k being an integer between 1 and M, each 

further pair (55k) comprising respective first refractive means (2k) and respective 
second refractive means (4 k ), 

the respective first refractive means (2k) of each of the plurality of further pairs (55k) 
having a first refractive means input plane (6) for receiving the first optical beam (40) 
25 and a first refractive means output plane (8), the first refractive means input plane (6) 
and the first refractive means output plane (8) being at a predetermined angle p k to each 
other, 0 < p k < ti/2, 

the respective second refractive means (4 k ) of each of the plurality of further pairs (55k) 
having a second refractive means input plane (10) and a second refractive means output 
30 plane (12), said second refractive means input plane (10) being positioned equidistant 
to the first refractive means output plane (8) and the second refractive means output 
plane (12) being positioned parallel to the first refractive means input plane (6). 
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3. Device according to claim 2, characterised in that the respective first 
refractive means (2k) of the plurality of further pairs (55k) are positioned adjacent to 
each other, forming a first group, the respective first refractive means (2k) in the first 
group being in physical contact. 

5 

4. Device according to claim 2 or 3, characterised in that the respective second 
refractive means (2k) of the plurality of further pairs (55k) are positioned adjacent to 
each other, forming a second group, the respective second refractive means (2k) in the 
second group being in physical contact. 

10 

5. Device according to claim 3 or 4. characterised in that the respective first and 
second refractive means (2 k , 4 k ) of the plurality of further pairs (55 k ) are positioned 
symmetrically on respective sides of the first pair (55o). 

15 6. Device according to one of the claims 2 through 5, characterised in that all of 

the first refractive means (2k) and the second refractive means (4k) of all of the plurality 
of further pairs (55k) have a substantially equal refractive index (nk). 

7. Device according to one of the claims 1 through 6, characterised in that 
20 spaces between the first refractive means (2k) and the second refractive means (4k) of 

each of the first pair (55o) and plurality of further pairs (55 k ) are filled with a 
predetermined medium having a predetermined refractive index (no). 

8. Device according to one of the claims 1 through 7, characterised in that the 
25 device further comprises first control means for moving the first refractive means (2k) 

and the second refractive means (4 k ) of at least one of the first pair (55 0 ) and the 
plurality of further pairs (55 k ) with respect to each other, the direction of movement 
being perpendicular to a line of intersection of the input surface and output surface of 
the first refractive means (2k). 

30 

9. Device according to one of the claims 1 through 8, characterised in that the 
first and second refractive means (2 k , 4 k ) are formed by a first and a second prism (2, 4; 
3, 5), respectively. 
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10. Device according to one of the claims 1 through 9, characterised in that the 
device (1) further comprises additional means (35, 36) of a dispersive material for 
applying a chromatic correction to the optical beam, in which the dispersive material 
has a refractive index which is different from a refractive index (n k ) of the first and 
second refractive means (2 k , 4 k ) of the first pair (55o) and plurality of further pairs 
(55 k ). 

11. Device according to one of the claims 1 through 10, characterised in that 
the device (1) introduces a predetermined phase shift vj/o between the first optical beam 
(40) and a second optical beam (41), the second optical beam (41) running ^substantially" 
parallel to the first optical beam (40) over an optical path length w 0 , a first optical axis 
(50) being defined from a device input surface (51) to a device output surface (52), the 
first refractive means (2 k ) having a first distance d k along the first optical axis (50) and 
the second refractive means having a second distance d k " along the first optical axis 
(50), the first optical beam (40) being at an angle 0 k with the first optical axis (50) and 
a modified refractive index ajc being defined as = n k cos 9 k , 

in which the sum d k of the first and second distance of the first and second refractive 
means (2 k , 4 k ), respectively and the required optical path wo are determined by solving 
the following equations for the wavelengths (^>..Am) at which the predetermined 
phase shift v|/o should be obtained exactly: 

-w 0 +a 0 (X 0 )d 0 + + a (UM (X 0 )d M _ 1 =^±X 0 

2n 

-w 0 +a 0 (X M )d 0 + + a M . 1 (?i M )d M _ 1 =^X M 


12. Device according to one of the claims 1 through 10, characterised in that 
the device introduces a predetermined phase shift vj/ 0 between the first optical beam 
(40) and a second optical beam (41), the second optical beam (41) running substantially 
parallel to the first optical beam (40) over an optical path length w 0 , a first optical axis 
(50) being defined from a device input surface (51) to a device output surface (52), the 
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first refractive means (2k) having a first distance dk along the first optical axis (50) and 
the second refractive means having a second distance dk" along the first optical axis 
(50), the first optical beam (40) being at an angle Ok with the first optical axis (50) and 
a modified refractive index ak being defined as ak = nk cos 0k, 
5 in which the sum dk of the first and second distance of the first and second refractive 
means (2k, 4 k ), respectively, and the required optical path w 0 are determined by 
requiring constant terms and terms with A. 2 , X 3 ,.. ., X M to become zero and the term with 
X to become equal to \\fo/2n in the equation for the introduced optical path length 
difference Wd(A,) according to 

M-1 

10 w d (X,) = -w 0 + £{a k0 +a k1 (X-X 0 ) +a k2 (?L-?i 0 ) 2 }d k 

k=0 

in which ako, aia, ... — series expansion coefficients of the modified refractive index ak, 
according to 

a k =a k0 +a k1 (X-X 0 ) + 3^- A, 0 ) 2 

in which X is a wavelength of the optical beam (40) and Xo is a central wavelength of a 
1 5 predetermined spectral band. 

13. Interferometer having a first input plane and a second input plane for 
receiving at least a first and a second optical beam and an interference plane for letting 
the at least first and second optical beam interfere, a first optical path being formed 

20 from the first input plane to the interference plane and a second optical path being 
formed from the second input plane to the interference plane, 

comprising optical path delay means for introducing an optical path difference between 
the first optical path and the second optical path, characterised in that the 
interferometer further comprises at least one achromatic phase shift device according to 
25 one of the claims 1 through 12, positioned in at least one of the first optical path and the 
second optical path. 

14. Interferometer according to claim 13, characterised in that an achromatic 
phase shift device is positioned in each optical path. 

30 

15. Interferometer according to claim 13 or 14, characterised in that the 
interferometer comprises main control means for maintaining the phase shift (\yo) 
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between the at least first and second beam at a predetermined value, the main control 
means being connected to the optical path delay means (26,27), and the first control 
means. 


5 16. Interferometer according to claim 15, characterised in that the 

predetermined value is equal to n. 

******* 
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INTERNATIONAL PRELIMINARY 
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I. Basis of the report 

1 . With regard to the elements of the international application (Replacement sheets which have been furnished to 
the receiving Office in response to an invitation under Article 14 are referred to in this report as "originally filed" 
and are not annexed to this report since they do not contain amendments (Rules 70. 16 and 70. 1 7)): 
Description, pages: 

6-1 7 as originally filed 

1.5,5a as received on 02/1 1/2001 with letter of 01/1 1/2001 
Claims, No.: 

1-14 as received on 02/1 1/2001 with letter of 01/1 1/2001 
Drawings, sheets: 

1/5-5/5 as originally filed 


2. With regard to the language, all the elements marked above were available or furnished to this Authority in the 
language in which the international application was filed, unless otherwise indicated under this item. 

These elements were available or furnished to this Authority in the following language: , which is: 

□ the language of a translation furnished for the purposes of the international search (under Rule 23.1 (b)). 

□ the language of publication of the international application (under Rule 48.3(b)). 

□ the language of a translation furnished for the purposes of international preliminary examination (under Rule 
55.2 and/or 55.3). 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the 
international preliminary examination was carried out on the basis of the sequence listing: 

□ contained in the international application in written form. 

□ filed together with the international application in computer readable form. 

□ furnished subsequently to this Authority in written form. 

□ furnished subsequently to this Authority in computer readable form. 

□ The statement that the subsequently furnished written sequence listing does not go beyond the disclosure in 
the international application as filed has been furnished. 

□ The statement that the information recorded in computer readable form is identical to the written sequence 
listing has been furnished. 

4. The amendments have resulted in the cancellation of: 
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□ the description, pages: 

□ the claims, Nos.: 

□ the drawings, sheets: 

5. □ This report has been established as if (some of) the amendments had not been made, since they have been 
considered to go beyond the disclosure as filed (Rule 70.2(c)): 

(Any replacement sheet containing such amendments must be referred to under item 1 and annexed to this 
report.) 


6. Additional observations, if necessary: 


V. Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 

1. Statement 

Novelty (N) Yes: Claims 1-14 

No: Claims 

Inventive step (IS) Yes: Claims 1-14 

No: Claims 

Industrial applicability (IA) Yes: Claims 1-14 

No: Claims 


2. Citations and explanations 
see separate sheet 
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Re Item V 

Reasoned statement under Article 35(2) with regard to novelty, inventive step or 
industrial applicability; citations and explanations supporting such statement 


1 . The invention relates to an achromatic phase shift device having the purpose to 
introduce a wavelength independent phase shift in an optical beam. 

2. The nearest prior art, US-A-5 862 001 (=D1), mentioned on page 1 of 

the description and corresponding to the preamble of claim 1 for the case that 
k=1 , discloses a prism arrangement of two prisms, in which dispersion with 
respect to a central wavelength is controlled by rotating the second prism with 
respect to the first. 

3. The present invention differs from such a known arrangement in that: 

first, the phase shift device is generalised to an arrangement of k (1 <;k<M) 
pairs of dispersive elements, like prisms, and 

secondly, the optical path of a light beam travelling through the device is 
selected in such a way that the resulting phase shift of the light beam is 
wavelength independent. Two approximations are specified in claims 1 and 
10 respectively. 


4. Although with specific configurations of the device known from D1 , an achromatic 
phase shift can be reached, the dimensional relationships specified in the 
characterising portions of claims 1 and 10 are not known from D1 nor can they be 
derived straightforwardly from it. 

5. Dependent claims 2-9 and 11-14 specify additional features and are likewise 
considered to be novel and inventive. 
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Achromatic phase shift device and interferometer using achromatic phase shift device 


The present invention relates to an achromatic phase shift device for introducing 
a wavelength independent optical phase shift in a first optical beam during operation, 
5 comprising at least one dispersive element according to the preamble of claim 1 . A 
second aspect of the present invention relates to an interferometer using such an 
achromatic phase shift device. 

The American patent US-A-5,862,001 describes a non-deviating prism with a 
continuously variable dispersion. This arrangement of optical elements allows to obtain 

10 a variable angular dispersion without any angular deviation at a central wavelength. 

The most common means for obtaining a phase shi ft in an optical beam are phase 
shift devices using optical path delay means to influence the optical path of the beam 
and, thus, the phase of the optical beam. A disadvantage of such a known phase shift 
device is that the phase shift obtained is dependent on the wavelength. For applications 

15 in which the bandwidth of the light beam used is very small, this is not necessarily a 
problem. However, when a phase shift is needed in an optical beam with a broader 
bandwidth, the known device does not suffice. 

This may for instance be the case for the application of an achromatic phase shift 
device in an interferometer, used in observation of planets near stars. These 

20 interferometers are for instance used in optical synthetic aperture systems, using 
multiple optical beams from different telescopes separated by a certain baseline. The 
optical beams from the telescopes usually have a broad wavelength. To be able to 
detect planets near stars, the light of the star is nulled in the interferometer by 
introducing a phase difference of n radians between the interfering beams. Using 

25 known phase shift devices, a suppression factor of 100 may be obtained, while for 
certain detections a suppression factor of 10 6 is necessary. 

In the prior art, achromatic phase shift in an optical beam is accomplished using 
an achromatic phase shift device, which comprises dispersive elements being formed 
by at least two plan parallel plates with a different refractive index. The dispersive 

30 elements effectuate a wavelength dependent optical path difference, and with the right 
combination of materials (refractive index) and dimensions of the plates, an achromatic 
phase shift can be accomplished over a certain wavelength range. However, the 
dimensions of the plates are fixed and, therefore, the phase shift accomplished is fixed. 
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10 


15 


20 


25 


Also, at least two materials are needed with a different refractive index, which may be 
disadvantageous in numerous applications. 

It is an object of the present invention to provide a phase shift device for 
producing a phase shift over a wide frequency range, i.e. an achromatic phase shift 
device. It is a secondary object of the present invention to provide an interferometer, 
which is particularly suited for planet detection near distant stars, by nulling the light 
from the associated star. 

The first object is achieved by a phase shift device according to the preamble of 
claim 1, having the characteristic features of the characterising part of claim 
1 . characterised in that the at least one dispersive element comprises a first pair form ed 
by first refractive means and second refractive m eans, the fest refractive-means- having 
a fir s t refractive means input plane for receiving the first optical beam and a fir s t 
refractive means output plane, the first refractive means input plane and the fir s t 
refractive means output plane being at a predetermined angle ft to each other, 
0 < P < 7t/2, the second refractive means having a second refractive means input plane 
and a second refractive means output plane , s aid second refractive means input plane 
being po s itioned equidistant to the first refractive means output plane and the second 
refractive means output plane being positioned parallel to the first refractive mean s 
input plane . 

The arrangement of the device allows introducing a phase shift in an optical beam 
travelling through the device, by varying the position of the first refractive means 
relative to the second refractive means. The first and second refractive means may be 
placed at a certain distance to one another and have small dimensions, which are 
sufficient for refracting the optical beam in the device as desired. 

In a further embodiment of the present invention, the device further compri s e s a 
plurality of k further pairs, k being an integer between 1 and M, each further pair 
comprising respective first refractive means and respective second refractive means, the 
respective first refractive means of each of the plurality of further pairs having a first 
refractive means input plane - for receiving the first optical beam and a first refractive 
means output plane , the first refractive means input plane and the first refractive means 
o utput plane - being at a predetermined angle to each other, 0<P^<ti/ 2, the 
respective second refractive means of each of the plur a lity of further pairs having a 
second refractive means input plane and a second refractive means output plane , said 
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second refractive means input plane being positioned equidistant to the first refr a ctive 
means output plane and the second refr ac tive meanc output plane being positioned 
parallel to the first refractive means input plane , 

Using multiple t he further pairs of respective first and second refractive means, it 
5 becomes possible to obtain a phase shift of an optical beam through the achromatic 
phase shift device, which is wavelength independent over a broad wavelength region. 

In this embodiment, a perfect match of the predetermined phase shift is obtained 
for M+l wavelengths. 

In an embodiment of the achromatic phase shift device according to the present 
10 invention, the respective first refractive means of the plurality of further pairs are 
positioned adjacent to each other, forming a first group, the respective first refractive 
means in the first group being in physical contact. Preferably, also the respective 
second refractive means of the plurality of further pairs are positioned adjacent to each 
other, forming a second group, the respective second refractive means in the second 
15 group being in physical contact. By positioning the respective first and second 
refractive means such that they are in physical contact, interfaces occur between 
materials of different refractive index. The feature that the elements are in physical 
contact enables producing achromatic phase shift devices in a reliable and robust 
manner. 

20 In a preferred embodiment of the achromatic phase shift device according to the 

present invention, the respective first and second refractive means of the plurality of 
further pairs are positioned symmetrically on respective sides of the firs t element pair. 
This allows a very compact arrangement of the device according to the present 
invention. 

25 In a further embodiment, the refractive index a li-of the first refractive means and 

the second refractive means of a specific pair of the element pairs a ll of first pair and 
the plurality of further pairs have a i s substantially equal refractive index . This has 
advantages with respect to production of the device (only one dispersive material is 
needed), but also during operation, as environmental conditions will have less impact 

30 when all refractive means are made of the same material. 

In certain arrangements of the first and second refractive means of the phase shift 
device, spaces may exist between the first refractive means and the second refractive 
means of each of the first pair and the plurality of further pairs. Preferably, these spaces 
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are filled with a predetermined medium having a predetermined refractive index. The 
medium can be air, a liquid or vacuum. For further calculating purposes, these spaces 
can also be regarded as forming first and second refractive means. 

To be able to use the device as a phase modulator, the device further comprises 
first control means for moving the first refractive means and the second refractive 
means of each of the first pair and the plurality of further pairs with respect to each 
other. Preferably, the direction of movement is perpendicular to a line of intersection of 
the input surface and output surface of the first refractive means. This allows variation 
of the distance travelled by the optical beam through the first and second refractive 
means and between the first and second refractive means of one or more of the first pair 
and the plurality of further pairs. This may be achieved very accurately by various 
control means known to the person skilled in the art. 

It will be clear to the person skilled in the art that the change in position of the 
first refractive means relative to the second refractive means may be obtained by 
moving the first refractive means, the second refractive means, or both. 

In an embodiment, the first and second refractive means are preferably formed by 
a first and a second prism, respectively. Such prisms with the required dimensions can 
be readily obtained or are easy to manufacture. 

In a further embodiment, the device further comprises additional means of a 
dispersive material for applying a further chromatic correction to the optical beam, in 
which the dispersive material has a refractive in£ex, which is different from the 
refractive index of the first and second refractive means. This embodiment enables a 
further achromatic correction, diminishing the higher order wavelength dependent 
errors in the chromatic correction. 

In a preferred embodiment, the device introduces a predetermined pha s e shift 
between the fir s t optical beam and a second optical beam, the cecond optical beam 
running substantially parallel to the first optical beam over a n optical path length w 0l a 
first optical axis being defined from a device input surface to a device output surface, 
the fir s t refr a ctive means having a first distance d^ along the first optic a l axis and the 
second refractive means having a s econd distance d^" along the first optical axis, the 
first optical beam being at a n angle Q k with the first optic a l axis and a modified 
refractive index being defined as a^ - n^ cos 9 k, in which the s um d^ of the first and 
cecond distance of the first and s e c ond refractive means and the required optical path 
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Wq are determined by solving the following equations for the wavelengths at which the 
predetermined phase shift should be obtained exactly ; 


-w 0 +a 0 (A. 0 )d 0 +• 


-w 0 +a 0 (X M )d 0 +- 


' + a M-1 (^M ) = ~" 


In this embodiment , a perfect match of the predetermined phase shift is obtained 
for M+l wavelengths* . 

In an alternative embodiment the sum of the first and second distance of the first 
and second refractive means and the required optical path are determined by requiring 
constant terms and terms with X 2 , X 3 ... X M to become zero and the term with X to 
become equal to \\fo/2n in the equation for the introduced optical path length difference 
w d (X) according to 

M-1 


w d (X) = -w 0 +2>ko +a k1 (X-X 0 ) +a k2 (X-X 0 ) 2 


k=0 


in which aw>, *\a> • = series expansion coefficients of the modified refractive index a^ 
according to a k = a k0 + a k1 (X-X 0 ) +a k2 (A.-X 0 ) 2 ,and 

in which X is a wavelength of the optical beam and Xq is a central wavelength of a 
predetermined spectral band. 

In this alternative embodiment, an M-th order fit is obtained for the wavelength 
dependent phase shift around the central wavelength Xo. 

By changing the design parameters of the first and second refractive means, the 
phase shift obtained is independent of the wavelength of the optical beam. This allows 
introducing a constant, wavelength independent phase shift in optical beams having a 
relatively broad bandwidth. 

With the achromatic phase shift device according to the present invention, 
applications can be made for adjustment, modulation and/or closed loop control of the 
phase difference of broad band, interfering optical beams. 

A second aspect of the present invention relates to an interferometer having a first 
input plane and a second input plane for receiving at least a first and a second optical 
beam and an interference plane for letting the at least first and second optical beam 
interfere, a first optical path being formed from the first input plane to the interference 
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plane and a second optical path being formed from the second input plane to the 
interference plane, comprising optical path delay means for introducing an optical path 
difference between the first optical path and the second optical path, characterised in 
that the interferometer further comprises at least one achromatic phase shift device 
5 according to the invention, positioned in at least one of the first optical path and the 
second optical path. 
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1. Achromatic phase shift device for introducing a wavelength independent 
optical phase shift in a first optical beam during operation, comprising at least one 
5 dispersive element, 
charact e ris e d in that 

the at least one dispersive element comprising^ aAs t k element pairs (S5ko ), k being 
an integer between 1 and M, each element pair being formed by respective first 
refractive means (2y) and second refractive means (4k), 
10 the respective first refractive means (2k) having a first refractive means input plane (6) 
for receiving the first optical beam (40) and a first refractive means output plane (8), 
the first refractive means input plane (6) and the first refractive means output plane (8) 
being at a predetermined angle (3k to each other, 0 < Pk < n/2 9 

the respective second refractive means (4k) having a second refractive means input 
15 plane (10) and a second refractive means output plane (12), said second refractive 
means input plane (10) being positioned equidistant to the first refractive means output 
plane (8) and the second refractive means output plane (12) being positioned parallel to 
the first refractive means input plane (6)* 

20 2» Device according to claim 1 , charact e ris e d in that the device further 

comprise s a plurality of k further pair s (550» k being a n integer between 1 and M y each 
further pair (55k) comprising respective first refractive means (2 k ) and respective 
second refractive means (4^ 

the respective fir s t refractive mean s (2^) of each of the plurality of further pair s (55^ 
25 having a first refr a ctive means input plane (6) for receiving the fir s t optical beam (40) 
and a first refractive means output plane (8), the first refractive means input plane (6) 
and the first refractive means - output plane (8) being at a predetermined angle fa to each 
other , 0 < 

the respective second refractive mean s ( 4 ^) of each of the plurality of further pair 6 (55k ) 
30 having a second refractive means input plane (10) and a second refractive means output 
plane (12), s a id s e c ond refractive mean s input plane (10) being positioned equidistant 
to the first refractive- means output plane (8) and the second refractive mean s output 
plane (12) being positioned parallel to the first refractive means input pl a ne (6) » 
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characterised in that 

the device (1) introduces a predetermined phase shift vi/q between the first optical beam 
(40) and a second optical beam (41), the second optical beam (41) running substantially 
parallel to the first optical beam (40) over an optical path length wo, a first optical axis 
5 (50) being defined from a device input surface (51) to a device output surface (52), the 
first refractive means (2 k ) having a first distance d k * along the first optical axis (50) and 
the second refractive means having a second distance d/ along the first optical axis 
(50V the first optical beam (40) being at an angle 8k with the first optical axis (50) and 
a modified refractive index a k being defined as ak = nk Cos_8k> 
10 in which the sum dk of the first and second distance of the first and second refractive 
means (2y, 4 k ), respectively and the required optical path w 0 are determined by solving 
the following equations for the wavelengths (Xo...X, M ) at which the predetermined 
phase shift vi/n should be obtained exactly: 

-w 0 +a 0 (\ 0 )d 0 + + a M . 1 (X 0 )d M . l =^*o 

• • • 

: : : 

• — 

-w 0 +a 0 (X M )d 0 + + a M . 1 (X M )d M . 1 =^^m 

15 

23>. Device according to claim 1_2, characterised in that the respective first 
refractive means (2k) of the plur a lity of furthe rk element pairs (55k) are positioned 
adjacent to each other, forming a first group, the respective first refractive means (2k) in 
the first group being in physical contact. 

20 

34. Device according to claim 13 or 23, characterised in that the respective 
second refractive means (2 k ) of the plurality of further k element p airs (55 k ) are 
positioned adjacent to each other, forming a second group, the respective second 
refractive means (2 k ) in the second group being in physical contact. 

25 

45. Device according to claim 23 or 34, characterised in that the respective first 
and second refractive means (2k, 4 k ) of the plurality .of furthe r k element pairs (55 k ) are 
positioned symmetrically on respective sides of the first element p air (55o). 
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56. Device according to one of the claims 12 through 54, characterised in that 
aO-of -the refractive index (n k ) of t he first refractive means (2 k ) and the second refractive 
means (4 k ) of a specific pair a ll of the plurality of furthe r k element pairs (55 k ) is have a 
substantially equal refractive index (n^ > 

5 

62. Device according to one of the claims 1 through 56, characterised in that j 
spaces between the first refractive means (2 k ) and the second refractive means (4 k ) of 
each of the first pair (55o) and plurality of furthe rk element pairs (55 k ) are filled with a j 
predetermined medium having a predetermined refractive index (no). 

10 

7S. Device according to one of the claims 1 through 63, characterised in that the | 
device further comprises first control means for moving the first refractive means (2 k ) 
and the second refractive means (4 k ) of at least one of the firct pair (55 0 ) and the 
plurality of furthe ric element pairs (55 k ) with respect to each other, the direction of 
15 movement being perpendicular to a line of intersection of the input surface and output 
surface of the first refractive means (2^. 


89. Device according to one of the claims 1 through 7$, characterised in that the j 
first and second refractive means (2 k , 4 k ) are formed by a first and a second prism (2, 4; 
20 3, 5), respectively. 

940. Device according to one of the claims 1 through 89, characterised in that | 
the device (1) further comprises additional means (35, 36) of a dispersive material for 
applying a chromatic correction to the optical beam, in which the dispersive material 
25 has a refractive index which is different from a refractive index (n k ) of the first and 
second refractive means (2 k> 4 k ) of the first pair (55 0 ) and plurality of further pairs 
(55 k ). 

11 , Device according to one of the claims 1 through 10, charact e ris e d in that 

30 the device (1) introduces a predetermined phase shift between the first optical beam 
(40) and a second optical beam (41) , the second optical beam (41) running substantially 
parallel to the first optical beam ( 4 0) over an optical path length wq, a first optic a l axis 
(50) being defined from a device input surface (51) to a device output surface (52), the 
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firrt refractive means (2u) having a first distance dk along the fir s t optical axis (50) a nd 
the second refractive means having a cecond distance d^. along the first optical axis 
(50), the first optical beam (10) being at a n angle % with the first optical axis (SO) and 
a modified refractive index being defined as a ir=^%rCQS*Qig 
5 in which the sum d^ of the fir s t and second distance of the first and second refractive 
mean6 (2 k3-4 k) > respectively and the required optical path w Q are determined by s olving 
the following equation s for the wavelengths QcQr^u) at which the predetermi ned 
phace shift \yp should be obtained exactly; 

-w 0 +a 0 (X 0 )d 0 + + a M . 1 (X 0 )d M _ 1 =^-X 0 


-w 0 +a 0 (?i M )d 0 + • + a M . l (^ M )d M . 1 =^^m 

10 

10. Achromatic phase shift device for introducing a wavelength independent 
optical phase shift in a first optical beam during operation, comprising at least one 
dispersive element, 

the at least one dispersive element comprising k element pairs (5 5k), k being an integer 
15 between 1 and M, each element pair being formed by respective first refractive means 
(2k) and second refractive means (4 k ), 

the first refractive means (2 k ) having a first refractive means input plane (6) for 
receiving the first optical beam (40) and a first refractive means output plane (8), the 
first refractive means input plane (6) and the first refractive means output plane (8) 

20 being at a predetermined angle to each other. 0 < for < 7t/2. 

the second refractive means (4Q having a second refractive means input plane (10) and 
a second refractive means output plane (12), said second refractive means input plane 
(10) being positioned equidistant to the first refractive means output plane (8) and the 
second refractive means output plane (12) being positioned parallel to the first 

25 refractive means input plane (6), 
characterised in that 

13 . Device according to one of the claims 1 through 10, charact e ri s ed in - th a t 
the device introduces a predetermined phase shift ij/o between the first optical beam 
(40) and a second optical beam (41), the second optical beam (41) running substantially 
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parallel to the first optical beam (40) over an optical-path length w 0 , a first optical axis 
(50) being defined from a device input surface (51) to a device output surface (52), the 
first refractive means (2 k ) having a first distance d k along the first optical axis (50) and 
the second refractive means having a second distance d k " along the first optical axis 
5 (50), the first optical beam (40) being at an angle 9 k with the first optical axis (50) and 
a modified refractive index a* being defined as ait = n k cos 0 k , 

in which the sum d k of the first and second distance of the first and second refractive 
means (2 k , 4 k ), respectively, and the required optical path w 0 are determined by 
requiring constant terms and terms with A, 2 , A, 3 ,, . X M to become zero and the term with 
10 X to become equal to \\fo/2n in the equation for the introduced optical path length 
difference w d (A,) according to 


w d (X) = -w 0 + ]T{a k0 +a k1 (X-X 0 ) + a k2 (X-A 0 ) 2 }d k 

k=0 

in which a k0 , a\a, = series expansion coefficients of the modified refractive index a k , 
according to 

15 a k =a k0 +a k1 (X-X 0 ) +a k2 (k-X 0 ) 2 

in which X is a wavelength of the optical beam (40) and X 0 is a central wavelength of a 
predetermined spectral band. 

114. Interferometer having a first input plane and a second input plane for | 
20 receiving at least a first and a second optical beam and an interference plane for letting 
the at least first and second optical beam interfere, a first optical path being formed 
from the first input plane to the interference plane and a second optical path being 
formed from the second input plane to the interference plane, 

comprising optical path delay means for introducing an optical path difference between 
25 the first optical path and the second optical path, characterised in that the 
interferometer further comprises at least one achromatic phase shift device according to 
one of the claims 1 through 102, positioned in at least one of the first optical path and | 
the second optical path. 

30 124. Interferometer according to claim 1 14, characterised in that an achromatic | 

phase shift device is positioned in each optical path. 
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135. Interferometer according to claim 114 o,r 124, characterised in that the 
interferometer comprises main control means for maintaining the phase shift (\j/o) 
between the at least first and second beam at a predetermined value, the main control 
means being connected to the optical path delay means (26,27), and the first control 
5 means. 

146. Interferometer according to claim 145, characterised in that the 
predetermined value is equal to n. 

******* 
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ABSTRACT OF THE DISCLOSURE 

An achromatic phase shift device (1) for 
introducing a wavelength independent optical phase shift in a 
first optical beam (40) during operation, includes at least 

one dispersive element (55^) formed by first refractive 

/o 

element (2 k ) and second refractive element (4 k ) , the first 
refractive element (2 k ) having a first refractive element 
input plane (6) fox receiving the first optical beam (4 0) and 
a first refractive element output plane (8) being at a. 
predetermined angle (0) to each other, the second refractive 
element (4 k ) having a second refractive element input plane 
(10) and a second refractive element output plane (12) being 
positioned parallel to the first refractive element input 
plane (6) . The device may comprise further pairs (55 k ) of 
respective first and second refractive elements (2 k , 4 k ) . An 
interferometer including at least one achromatic phase shift 
device is also disclosed. 
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1 . The invention relates to an achromatic phase shift device having the purpose to 
introduce a wavelength independent phase shift in an optical beam. 

2. The nearest prior art, US-A-5 862 001 (=D1), mentioned on page 1 of 

the description and corresponding to the preamble of claim 1 for the case that 
k=1, discloses a prism arrangement of two prisms, in which dispersion with 
respect to a centra! wavelength is controiied by rotating the second prism with 
respect to the first. 

3. The present invention differs from such a known arrangement in that: 

first, the phase shift device is generalised to an arrangement of k (1 <k<M) 
pairs of dispersive elements, like prisms, and 

secondly, the optical path of a light beam travelling through the device is 
selected in such a way that the resulting phase shift of the light beam is 
wavelength independent. Two approximations are specified in claims 1 and 
'10 respectively. 

4. Although with specific configurations of the device known from D1 , an achromatic 
phase shift can be reached, the dimensional relationships specified in the 
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